Reservoirs play a significant role in water resources management and water resource allocation. Traditional flood limited water level (FLWL) of reservoirs is set as a fixed value which over-considers the reservoir flood control and limits the benefits of reservoirs to a certain extent. However, the dynamic control of the reservoir FLWL is an effective solution. It is a method to temporarily increase the water level of the reservoir during the flood season by using forecast information and discharge capacity, and it can both consider flood control and power generation during the flood season. Therefore, this paper focuses on multi-objective optimal scheduling of dynamic control of FLWL for cascade reservoirs based on multi-objective evolutionary algorithm to get the trade-off between flood control and power generation. A multi-objective optimal scheduling model of dynamic control of FLWL for cascade reservoirs which contains a new dynamic control method is developed, and the proposed model consists of an initialization module, a dynamic control programming module and an optimal scheduling module. In order to verify the effectiveness of the model, a cascade reservoir consisting of seven reservoirs in the Hanjiang Basin of China were selected as a case study. Twenty-four-hour runoff data series for three typical hydrological years were used in this model. At the same time, two extreme schemes were chosen for comparison from optimized scheduling schemes. The comparison result showed that the power generation can be increased by 9.17 × 10 8 kW·h (6.39%) at most, compared to the original design scheduling scheme, while the extreme risk rate also increased from 0.1% to 0.268%. In summary, experimental results show that the multi-objective optimal scheduling model established in this study can provide decision makers with a set of alternative feasible optimized scheduling schemes by considering the two objectives of maximizing power generation and minimizing extreme risk rate.
Introduction
Water resources are one of the most indispensable resources in human life. Excess water resources will lead to flood disasters, while shortages in water resources will lead to drought disasters [1, 2] . Reservoirs are one of the most efficient measures to solve the problem of the uneven distribution of water resources in time and space and it has become the most significant infrastructure for allocating water resources among various purposes [3] [4] [5] . While distributing water resources, the reservoirs also undertake many other tasks, such as flood control, shipping, power generation, irrigation and recreation [6] [7] [8] [9] [10] . Therefore, it is of great significance to ensure the comprehensive utilization of water resources while ensuring the flood control requirements of the reservoir during the flood season.
In the flood season, the water level of reservoirs cannot be kept too high due to the possibility that large floods may occur, while the water level of the reservoir cannot be kept too low due to water storage requirements [11, 12] . The flood limited water level (FLWL) is one of the most important characteristic parameters of a reservoir and it can make an effective compromise between water storage and flood control [13, 14] . During the flood season, the water level of the reservoir must be maintained below the limit water level in order to reserve adequate flood storage capacity. After the flood peak passes and begins to recede, the water level of reservoirs must be lowered to the FLWL as quickly as possible in order to provide sufficient storage for the next flood. The currently designed approach is called static control of FLWL (SC-FLWL) [15] , and the scheduling mode is called FLWL static control mode. The SC-FLWL is further divided into static control of annual FLWL (SC-AFLWL) and static control of seasonal FLWL (SC-SFLWL) according to different FLWL determination methods. The FLWL of SC-AFLWL is determined using the annual design storm or annual design flood through reservoir regulation, while the FLWL of SC-SFLWL is determined using the seasonal design storm or seasonal design flood through reservoir regulation. Liu et al. [16] proposed a simulation-based optimal seasonal FLWL model to maximize power generation benefits under the promise of not increasing the original design risk. The results show that the seasonal FLWL model can be applied to get more economic benefits than the SC-AFLWL without increasing the original design risk. Yun and Singh [17] proposed that there are two approaches to improve reservoir water storage under the condition of flood control safety. One is a multiple duration limiting water level, which is similar to seasonal FLWL because it estimates FLWL by using a multiple duration design storm. And the other is dynamic control of FLWL (DC-FLWL), in which the water level of the reservoir can fluctuate between the upper limit and the lower limit of dynamic control domain.
The dynamic control bound of reservoir FLWL is the basis of reservoir FLWL dynamic control mode. It is significant to estimate a feasible control bound of FLWL because it can avoid the following two undesirable situations: "FLWL is too low on account of enhancing flood prevention capacity" and "FLWL is too high on account of increasing conservation benefits" [15] . Li et al. [18] proposed a dynamic control operation model of the FLWL which considers the uncertainty of inflow forecasting and flood hydrograph shape. The model consists of a pre-release module, a refill operation module and a risk analysis module and it is used in the Three Gorges reservoir. The results indicate that the FLWL dynamic control mode of the reservoir can increase power generation and the water resource utilization rate without increasing the risk of flood control. With further research, the DC-FLWL has developed from a single reservoir to cascade reservoirs. Chen et al. [15] presented a simulation-based optimization model of DC-FLWL for cascade reservoirs which consists of an aggregation module, a storage decomposition module and a simulation operation module. The results indicate that the model with an objective of maximize power generation can improve the benefits of the Qingjiang cascade reservoirs without reducing the flood control standard. After combining the above two models, Zhou et al. [19] proposed a mixed reservoir system by extending the dynamic control models of FLWL for a single reservoir and cascade reservoirs. The model contains three dynamic control operation modules, a module for a single reservoir, a module for cascade reservoirs and a module for mixed cascade reservoir systems. The results show that the model with an objective of maximize power generation can make an effective trade-off between power generation and flood control of the Three Gorges reservoir and the Qingjiang cascade reservoirs without compromising flood prevention objectives.
In previous studies on DC-FLWL, most models consider only a single objective, such as maximizing power generation or minimizing risk rate. However, in actual scheduling, it is difficult to effectively reflect on the complex requirements of flood control and power generation by considering only a single target. Therefore, it is recommended to construct a multi-objective optimization scheduling model that considers both flood protection and power generation requirements to provide a more abundant scheduling scheme for decision makers. In this study, a multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs which contains a new dynamic control method has been developed to obtain a set of alternative and feasible optimized scheduling schemes by considering the two objectives of maximizing power generation and minimizing extreme risk rate. The cascade reservoir consisting of seven reservoirs in the Hanjiang Basin of China was selected as the case study. Major contributions are outlined as follows:
(1) A multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs with two objectives is formulated, which contains maximizing power generation objective and minimizing extreme risk rate objective.
(2) A new dynamic control method of DC-FLWL with four submodules is proposed, which contains normal operation submodule, flood retention and refill submodule, adaptive grading pre-release submodule and flood control dispatching submodule. The method mainly focuses on small and medium floods.
(3) Non-dominated sorting culture differential evolution algorithm (NSCDE) is used to solve the multi-dimension, multi-objective and multi-stage optimization problem: a case study of seven reservoirs in the Hanjiang Basin of China.
The remainder of this paper is organized as follows. In Section 2, a multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs is formulated. In Section 3, the Hanjiang Basin, related data and algorithm parameter are introduced in detail. In Section 4, the optimization results are compared and analyzed. Finally, Section 5 concludes the study.
Multi-Objective Optimal Scheduling Model of DC-FLWL for Cascade Reservoirs
The general framework of multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs is shown in Figure 1 . The model proposed in this paper consists of three modules: (1) an initialization module based on the capacity-constrained pre-release method; (2) an optimal scheduling module based on the multi-objective evolutionary algorithm; and (3) a dynamic control programming module. The first module was used to determine the dynamic control bound of reservoirs which is operated in FLWL dynamic control mode. The second module was used to optimize the combinations of the upper limit of FLWL in cascade reservoirs by constantly updating in order to maximize the power generation of cascade reservoirs while minimizing the average risk rate of cascade reservoirs. The third module was used to determine the scheduling schemes of each reservoir and was operated in FLWL dynamic control mode in cascade reservoirs.
Initialization Module
As the first module of this model, the initialization module has a pivotal position. The initialization module is used to determine the dynamic control bound of reservoirs which is operated in FLWL dynamic control mode based on the inflow forecast information.
The dynamic control bound of reservoir FLWL is the basis of the reservoir FLWL dynamic control mode. The FLWL static control mode can be regarded as a special case where the upper and lower limits of the dynamic control bound are equal in the FLWL dynamic control mode. This paper employs the capacity-constrained pre-release method to determine the dynamic control bound of reservoirs operated in the FLWL dynamic control mode [18] . The capacity-constrained pre-release method determines the upper limit of dynamic control bound by considering the effective lead-time of inflow forecasting, the inflow forecasting error and the safety discharge of the downstream flood protection site, and original design FLWL is used as the lower limit of dynamic control bound, i.e.,
where, Z u is the upper limit of dynamic control bound; V u is the reservoir storage corresponding to Z u ; V d is the reservoir storage corresponding to the original design FLWL; Q in (t) is the forecasted inflow; Q max is the maximum safety discharge of downstream flood protection site; t 0 is the current time; T p is the effective lead-time of inflow forecasting; f ( * ) is the relationship between reservoir water level and storage. 
where, u Z is the upper limit of dynamic control bound; u V is the reservoir storage corresponding to is the relationship between reservoir water level and storage. 
Optimal Scheduling Module

After the determination of the dynamic control bound, this module is used to find out a series of optimal combinations of the upper limit of FLWL in the cascade reservoir that can make a good trade-off between the economic benefits of hydropower generation and risk rate of flood control. In this module, the optimal scheduling model of dynamic control of FLWL for a cascade reservoir with multi-objectives and several constraints is formulated.
Objective Function
The target of FLWL dynamic control is to get more economic benefit with minimal risk, in which many constraints and objectives should be taken into consideration. The objectives of this model are expressed in detail as follows:
(1) Maximizing the joint power generation of the cascade reservoirs:
where N i (t) is the output of the i-th reservoir in period t; Q x,i (t) is the release discharge for power generation of the i-th reservoir in period t; H i (t) is the net water head of the i-th reservoir in period t; K i is the hydropower generation efficiency of the i-th reservoir; ∆t is the operation interval; T is the number of periods; L is the number of reservoirs in the cascade reservoir.
(2) Minimizing the average extreme risk rate of reservoirs which are operated in the FLWL dynamic control mode [20] :
where Z c is the start water level of flood routing; this paper selects the upper limit of the FLWL as the start water level of flood routing; Z d is the allowable highest water lever, the value of Z d (risk controlling index) may be one of the check flood level, design flood level and the top elevation of the dam. The risk is variational with different Z d value, this paper selects the design flood level as risk controlling index; D is the number of reservoirs which are operated in FLWL dynamic control mode; φ(Z c ) is the event that a certain frequency design flood regulated from Z c ; Z m is the highest value of the reservoir's water level though the flood routing;
is defined as the extreme risk (probability) of the i-th reservoir that a certain frequency flood regulated from Z c exceeds Z d ; it can be derived by flood routing.
Constraints
(1) Water volume balance constraints:
(2) Water level constraints:
(3) Reservoir discharge flow constraints:
(4) Reservoir discharge flow constraints:
where V i (t) is the storage capacity in period t of the i-th reservoir; Z i (t) is the reservoir water level of the i-th reservoir; I i (t) is inflows of the reservoir in period t of the i-th reservoir; Q i (t) is outflows of the reservoir in period t of the i-th reservoir; Z min,i (t), Z max,i (t) are lower and upper water level in period t of the i-th reservoir; Q min,i (t), Q max,i (t) are lower and upper discharge flow in period t of the i-th reservoir; NL i,t , NU i,t are the lower and upper limits of the hydropower output.
Dynamic Control Programming Module
After the combinations of the upper limit of FLWL are determined, the next step is to perform the scheduling scheme by adopting a certain method. An excellent dynamic control method can fully exert the advantages of FLWL dynamic control mode. This paper proposes a new dynamic control method and divides it into four submodules: normal operation submodule, adaptive grading pre-release submodule, flood control dispatching submodule, and flood retention and refill submodule, respectively. Each submodule is described in detail below.
Normal Operation Submodule
In the flood season, the water resources that can be used are not only floods, but also include inflows with large flows but not enough to be called a flood. A normal operation submodule is adopted to make full use of the inflow of larger flows. This module contains two situations: (1) there is no flood forecasted in the effective lead-time; (2) a flood is forecasted during the effective lead-time, but the reservoir water level is lower than the lower limit of the FLWL. In the first situation, there are two different operation modes depending on the current reservoir level. When the current reservoir water level is above the lower limit of the FLWL, this means that the current inflow is richer, and the normal operation is performed with the full flow of the hydroelectric power station in order to take full advantage of abundant inflow for power generation in time. When the current reservoir water level is below the lower limit of the FLWL, this indicates that the current inflow is less, and the normal operation is discharged with the minimum discharge not being less than the release of the generating firm capacity in order to store water as much as possible. In the second situation, there will be a flood coming soon, but the reservoir still has room for water conservation. Appropriate water storage operation can be carried out by controlling the discharge not being more than the inflow, but the reservoir water level of water storage cannot surpass the upper limit of FLWL and the discharge cannot be less than the release of the generating firm capacity.
Adaptive Grading Pre-Release Submodule
Before the flood occurs, the water level of the reservoir must decrease to the lower limit of the FLWL in effective lead-time in order to accommodate the impending flood. An adaptive grading pre-release submodule is employed to provide adequate storage by reducing the water level of the reservoir to the lower limit of the FLWL safely. When a flood is forecasted during the effective lead-time, the adaptive grading pre-release submodule adaptively estimates the current occupied flood storage capacity based on the current reservoir storage. The effective lead-time is divided into n levels, and the occupied storage capacity for flood control is allocated to each level in descending order from the n-th level, and the pre-release flow of each level is calculated in turn, i.e.,
where V oc is the occupied storage capacity for flood control, (10 8 m 3 ); V 0 is the reservoir storage corresponding to the water level of reservoir when forecasting there will be a flood, (10 8 m 3 ); k is the number of levels; V oc,k is the occupied storage capacity for flood control of the k-th level, (10 8 m 3 ); t k is the effective lead-time duration of allocation of the k-th level, (h); m is the greatest common divisor of the effective lead-time duration of allocation of each level; w is the unit conversion factor from (m 3 ·h/s) to (10 8 m 3 ), w = 3.6 × 10 −5 ; Q p,k is the pre-release flow of the k-th level but not the final discharge, (m 3 /s); Q x,k is the discharge flow of the k-th level, (m 3 /s); l k is the grading factor of the k-th
Flood Control Operation Submodule
Flood control operation is aimed to use flood control projects or flood control systems to plan floods in real-time to achieve optimal flood control. A flood control operation submodule is used to reduce flood damage and properly consider other comprehensive utilization requirements at the same time. Each reservoir has its own unique flood control operation rules. This submodule is performed with the flood control operation rules corresponding to each reservoir
Flood Retention and Refill Submodule
During the flood recession period, there are abundant water resources available. Flood retention and refill submodule is employed to detain the flood during the flood recession period for power generation in order to meet conservation demands or increase the economic benefits of hydropower. Three conditions are required to perform the operation of this module: (1) there is no other flood forecasted in the effective lead-time; (2) the current reservoir water level is lower than the upper limit of the FLWL; (3) current inflow is less than the maximum safety discharge of the downstream flood protection site. Under the premise of meeting the conditions, this submodule is operated with minimum discharge not being less than the release of generating firm capacity, and the reservoir water level of flood retention and refill cannot surpass the upper limit of the FLWL.
Non-Dominated Sorting Culture Differential Evolution (NSCDE) Algorithm
There is a multi-dimension, multi-objective and multi-stage optimization problem in the optimal selection of FLWL for each reservoir in cascade reservoirs based on the scheduling model of DC-FLWL for cascade reservoirs. This paper employs a multi-objective evolutionary algorithm named non-dominated sorting culture differential evolution (NSCDE) algorithm to solve these multi-objective optimization problems (MOPs) [21] . In the NSCDE algorithm, the culture algorithm (CA) is used to improve the performance of algorithms by adding domain knowledge [22] . The most significant feature of the CA is belief space where different kinds of knowledge can be obtained from the process of evolutionary and population space where individuals are updated according to a certain algorithm [23] . Non-dominated sorting genetic algorithm II (NSGA-II) [24] is used as the population space of the CA and normative knowledge and situational knowledge are used as the belief space of the CA. Differential evolution (DE) algorithm [25] is chosen as the evolutionary algorithm in NSCDE and NSCDE can dynamically update the evolutionary algorithm parameters of DE by using the normative knowledge of belief space. The optimal solutions obtained from the population space is called the archive set, and situational knowledge is constituted of archive sets. An upper limit of the archive set is used to prevent local optimum. A truncation step like the strength pareto evolutionary algorithm 2 (SPEA2) [26] is employed to eliminate the repeated and overcrowding individuals when the number of individuals exceeds the upper limit of the archive set. The flowchart of NSCDE is shown in Figure 2 . 
Case Study
Hanjiang Basin Overview
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Case Study
Hanjiang Basin Overview
The Hanjiang Basin is located at 160 • 15 ∼ 114 • 20 east longitude and 30 • 10 ∼ 34 • 20 north latitude, with a drainage area of about 159,000 km 2 . Hanjiang is the largest tributary of the middle reaches of the Yangtze River [27] . The schematic diagram of the Hanjiang Basin is shown in Figure 3 . The upper part of the Danjiangkou is upstream. The river is about 925 km long and the control basin area is 95,200 km 2 . It is dominated by middle and low mountains, with deep valleys, steep slopes on both sides, and rapid water flow and many river beaches. Danjiangkou to Huangzhuang is the middle reaches, with a length of 270 km and a controlled drainage area of 46,800 km 2 . The river flows through the hilly valley basin. The Hanjiang Basin belongs to the East Asian subtropical monsoon climate zone and has obvious seasonality. The annual average annual precipitation of the basin is about 700~1100 mm, which increases from upstream to downstream, and the upstream area decreases from south to north. Rainstorms often occur from July to October. There are summer rainstorms and autumn rainstorms. The corresponding floods also have summer floods and autumn floods [28] . Summer floods generally occur before the end of August, often full-terrain, with high peaks and the volume of floods is large. The autumn floods generally occur after the end of August, and the main inflow areas are the upper reaches of the Hanjiang, mostly continuous flood peaks, which last for a long time and the volume of floods is large [29] . The larger water conservancy hubs of the Hanjiang include Ankang and Danjiangkou. The tributaries also have cascade reservoirs, but most of them have smaller storage capacity. In this study, Shiquan, Ankang, Pankou, Huanglongtan, Danjiangkou, Yahekou and Sanliping reservoirs in the middle and upper reaches of the Hanjiang Basin were selected for dispatching and the specific location of each reservoir in the basin is shown in Figure 3 . In the cascade reservoirs, the Danjiangkou, Yahekou and Sanliping reservoirs are operated in seasonal FLWL control mode which is often used in seasonally flooded river basins, and it divides flood season into the summer flood season (S) and the autumn flood season (A). The characteristic parameter values of the seven reservoirs are given in Table 1 . With the improvement of meteorological and hydrological forecasting capabilities, the 72hour effective lead-time of inflow forecasting of the middle and upper reaches of the Hanjiang Basin has reached the availability level [30, 31] , and the operation period is taken for 72 h in this study. The larger water conservancy hubs of the Hanjiang include Ankang and Danjiangkou. The tributaries also have cascade reservoirs, but most of them have smaller storage capacity. In this study, Shiquan, Ankang, Pankou, Huanglongtan, Danjiangkou, Yahekou and Sanliping reservoirs in the middle and upper reaches of the Hanjiang Basin were selected for dispatching and the specific location of each reservoir in the basin is shown in Figure 3 . In the cascade reservoirs, the Danjiangkou, Yahekou and Sanliping reservoirs are operated in seasonal FLWL control mode which is often used in seasonally flooded river basins, and it divides flood season into the summer flood season (S) and the autumn flood season (A). The characteristic parameter values of the seven reservoirs are given in Table 1 . With the improvement of meteorological and hydrological forecasting capabilities, the 72-hour effective lead-time of inflow forecasting of the middle and upper reaches of the Hanjiang Basin has reached the availability level [30, 31] , and the operation period is taken for 72 h in this study. Notes: S is the summer flood season, a is the autumn flood season. Design standards mean the flood standard can ensure dam safety under normal conditions. The flood standard is usually expressed by the frequency of floods.
Scheduling Period and Usage Data
The flood season in the middle and upper reaches of the Hanjiang Basin is concentrated from June to September. The flood season of Shiquan and Ankang reservoirs is from July 1st to September 30th. The flood season of Pankou and Huanglongtan reservoirs is from June 20th to August 20th. The flood season of Danjiangkou, Yahekou and Sanliping reservoirs is from June 20st to September 30th. Therefore, in this paper, 24-hour runoff data series during June 20st to September 30th was employed for optimal operation and three typical hydrological years (i.e., a wet year (1983) with a 1% frequency, a normal year (2007) with 50% frequency and a dry year (2016) which the frequency is 95%) were used as the case study.
In China, the annual runoff frequency or the annual precipitation frequency less than 25% is usually referred to as the wet year, the annual runoff frequency or the annual precipitation frequency more than 75% is usually referred to as the dry year and the year in which the annual runoff frequency or the annual precipitation frequency is between 25% and 75% is usually referred to as the normal year. For rigor, it is important to point out that potential global warming and climate change may change future patterns (and frequencies) of three typical hydrological years. The frequencies of three typical hydrological years were measured in 2018.
Parameter Settings of NSCDE Algorithm
The program was written in Java to optimize the model according to the optimization idea and process of the NSCDE algorithm. Each individual in the population was composed of a set of FLWL upper limit values of the cascade reservoir and the gene coding of each individual was the upper limit of the FLWL of each reservoir in the cascade. The population size was set as 50, the maximum number of iterations was 500, the size of the archive set was selected as 40, the crossover probability was 0.7 and the mutation probability was 0.05.
Results and Discussion
Reservoirs with larger flood storage capacity will have an excellent storage capacity and flood utilization potential. Therefore, in this study, the Danjiangkou, Pankou and Ankang reservoirs with relatively large flood control capacity in the cascade reservoirs were selected, and the three reservoirs were operated in the FLWL dynamic control mode. The other four reservoirs were dispatched in the FLWL static control mode.
After the control mode of each reservoir in the cascade reservoirs was determined, the FLWL dynamic control bound of Danjiangkou, Pankou and Ankang reservoirs using 72-hour lead-time inflow forecasting was estimated by the dynamic control bound determination submodule. The results are shown in Table 2 . It shows that the upper limit of FLWL of Danjiangkou in summer flood season, Danjiangkou in autumn flood season, Ankang and Pankou has increased by 1.5 m, 1.5 m, 2 m and 3 m, respectively, than the lower limit of FLWL by considering 72-hour lead-time inflow forecasting. Under the condition of guaranteeing the maximum of the average joint power generation benefit of the cascade reservoirs, the minimum of the average extreme risk rate was also considered. A part of optimization schemes of multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs is presented in the Table 3 . As mentioned above, scheme 1 is operated in FLWL static control mode and can be understood as a special case where the upper and lower limits of the dynamic control bound are equal in the FLWL dynamic control mode. With the increase of the FLWL upper limit of Danjiangkou, Ankang and Pankou reservoirs, the average power generation and average extreme risk rate of each scheme are also rising. It can be observed from Table 3 that the average power generation and the average extreme risk rate are positively correlated. An increase in either of the two objectives will inevitably lead to a decrease in the other objective. For a comprehensive analysis of the relationship among the various schemes, all schemes were chosen for comparison. After comparing all the schemes, we found that in the first 14 schemes (schemes 1-14), the increase rate of the extreme risk rate was flat with the increase of power generation; while in the latter six schemes (schemes [15] [16] [17] [18] [19] [20] , with the increase of power generation, the increase rate of the extreme risk rate had a remarkable improvement. This phenomenon is a good match for the distribution of the Pareto optimal solution set. Through this we can find that it is worth appropriately increasing the upper limit of FLWL of reservoirs because it can achieve a large increase in power generation with a lower extreme risk rate.
For an in-depth analysis of the relationship among the various schemes, two extreme schemes were chosen for comparison: scheme 1 (minimize extreme risk rate), scheme 20 (maximize power generation). In fact, scheme 1 is the original design scheduling scheme. On the one hand, when the decision maker takes maximizing power generation as the main objective, it will be at the expense of enduring a relatively large extreme risk rate to generate more power, such as scheme 20. On the other hand, when the decision maker takes minimize extreme risk rate as the main objective, it will sacrifice part of the power generation to ensure the safety of the hydropower station in flood season operation, such as scheme 1. The operation results of scheme 1 and scheme 20 of power generation (PG) and extreme risk rate (ERR) during the operation period are listed in Table 4 . Due to the large amount of data, this paper mainly discusses the data of the reservoirs operated in FLWL dynamic control mode, (i.e., Danjiangkou, Ankang and Pankou reservoirs). It can be seen from Table 4 that the PG of scheme 20 is 9.17 × 10 8 kW·h (6.39%) larger than the PG of scheme 1. Meanwhile, the ERR of scheme 20 has increased by 168% than that of scheme 1. Scheme 20 can generate more PG by 3.63 × 10 8 kW·h (6.07%), 4.66 × 10 8 kW·h (9.89%), 0.88 × 10 8 kW·h (3.2%) in the wet, normal and dry years, respectively, compared with scheme 1. In the multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs, spilled water (SW) and water resource utilization rates (WRUR) of each operation scheme during the operation period have also been considered and the results are summarized in Table 5 . It shows that the SW of scheme 20 decreased by 8.34 × 10 8 m (1.41%), 2.29 × 10 8 m (13.41%) and 2.96 × 10 8 m (65.72%) in the wet, normal and dry years, respectively, compared with scheme 1. In addition, compared to scheme 1, the WRUR of scheme 20 increased by 5.17%, 7.38% and 1.8% in the wet, normal and dry years, respectively. The three-year average SW decreased by 13.72 × 10 8 m (26.85%) and the three-year average WRUR increased by 4.78%. Comparison of water level processes and discharge processes of Danjiangkou, Ankang and Pankou reservoirs between scheme 1 and scheme 20 during the operation period in the wet, normal and dry years is presented in Figures 4-6 , respectively.
Due to the abundant inflow in the wet year, the PG and SW of each reservoir in each scheme are the most among the three typical hydrological years. As can be seen from Table 4 , in the wet year, the joint PG of the cascade reservoirs of scheme 20 increased by 3.36 × 10 8 kW·h compared with scheme 1. It can be seen from Table 5 that in each scheme, the inflow in the wet year was larger than that in the normal year, but the WRUR of the Danjiangkou reservoir in the wet year was less than that of the Danjiangkou reservoir in the normal year. It can be seen from Figure 4 that this is because the Danjiangkou reservoir experienced a lager flood in the wet year, the speed of inflow was fast, and the volume of the flood was large, and the inflow quickly exceeded the maximum safety discharge of the downstream flood protection site. The reservoir can only reduce the water level of the reservoir to the lower limit of the FLWL by pre-release operation and operate in conventional flood control operation mode in time, resulting in water resources not being used. Even so, in a wet year, the WRUR of the cascade reservoir of scheme 20 increased by 5.17% compared with scheme 1.
In the normal year, where the small and medium floods occured frequently, the advantages of DC-FLWL were fully exerted. It can be seen from Table 5 that in the normal year, the cascade reservoir WRUR of scheme 1 and scheme 20 were both the largest among the three typical hydrological years. In addition, the cascade reservoir WRUR of scheme 20 increased by 7.38% compared with scheme 1. This is because in scheme 20, there were many scheduling rules that utilized small and medium floods based on forecasted inflow. When no flood occurs during the effective lead-time, the redundant water which is occupying the flood control storage capacity is used to generate electricity in time. When floods occurs during the effective lead-time, the water level is reduced by adaptive grading pre-release method in order to provide sufficient flood storage capacity before the flood comes. When the flood begins to decline, flood retention and refill operation will intercept the flood of recession and store water as much as possible so that the reservoir operates at the upper limit of the FLWL to meet conservation demands or increase the economic benefits of hydropower.
In the dry year when inflow is particularly small, the PG and SW of each reservoir in each scheme were the least among the three typical hydrological years. As can be seen from Table 4 , in the dry year, the power generation of Pankou reservoir was exactly the same in scheme 1 and scheme 20. And as shown in Figure 6 , the water level change process of Danjiangkou, Ankang and Pankou reservoirs almost coincided in scheme 1 and scheme 20. This was because there was so little water in the dry year, that the reservoirs of each scheme operated with the discharge of generating firm capacity in order to meet the minimum working flow requirements of the turbine. However, it is worth noting that although the water in the dry year was very scarce, the cascade reservoir SW of scheme 20 decreased 65.72% (2.96 × 10 8 m) less than that of scheme 1 and the cascade reservoir PG of scheme 20 increased by 0.88 × 10 8 kW·h (3.2%) more than that of scheme 1 By comparing scheme 1 and scheme 20, the FLWL dynamic control method in this paper is more suitable for the normal year where small and medium floods occur frequently, because the flood level of the normal year is not large and is easier to use. In contrast, this method cannot work as well during a wet year in which big floods occur, because the floods last longer, the volume of floods is larger, and the utilization difficulty is high. For the dry year, the inflow is too small, so that the FLWL dynamic control method cannot play a role. A multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs which contains a new dynamic control method proposed in this paper can be well applied to the Hanjiang Basin. However, there is still a lot of research and exploration on whether it can be applied to basins with different hydrological properties. In the future, to extend the recommendations of dynamic control of FLWL to other basins more studies will be implemented in working on a model of DC-FLWL with high fitness which can be applied to various basins with different hydrological properties. Due to the abundant inflow in the wet year, the PG and SW of each reservoir in each scheme are the most among the three typical hydrological years. As can be seen from Table 4 , in the wet year, the joint PG of the cascade reservoirs of scheme 20 increased by 3.36 × 10 8 kW·h compared with scheme 1. It can be seen from Table 5 that in each scheme, the inflow in the wet year was larger than that in the normal year, but the WRUR of the Danjiangkou reservoir in the wet year was less than that of the Danjiangkou reservoir in the normal year. It can be seen from Figure 4 that this is because the Danjiangkou reservoir experienced a lager flood in the wet year, the speed of inflow was fast, and the volume of the flood was large, and the inflow quickly exceeded the maximum safety discharge of the downstream flood protection site. The reservoir can only reduce the water level of the reservoir to the lower limit of the FLWL by pre-release operation and operate in conventional flood control 
Conclusions
A multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs which contains a new dynamic control method is proposed in this study and solved by a multi-objective evolutionary algorithm named NSCDE. A cascade reservoir consisting of seven reservoirs in the Hanjiang Basin was selected as the case study and it should be pointed out that the conclusions are valid only for the Hanjiang Basin. The results are summarized as follows:
(1) The multi-objective optimal scheduling model of DC-FLWL for cascade reservoirs can provide decision makers with a set of alternative and feasible, optimized scheduling schemes by considering the two objectives of maximizing power generation and minimizing extreme risk rate. Decision makers can choose the appropriate optimal scheduling scheme according to their own preferences and actual scheduling processes.
(2) By comparing the two extreme schemes in the optimization results, the power generation can be increased by 9.17 × 10 8 kW·h (6.39%) at most compared to the original design scheduling scheme, while the extreme risk rate also increased from 0.1% to 0.268%.
(3) The FLWL dynamic control method proposed in this paper can significantly improve water resource utilization of DC-FLWL, and the method is more suitable for applying to the normal year when small and medium floods occur frequently.
